A complex interaction has evolved between the host's peripheral nervous system (PNS) and herpes simplex virus type 1 (HSV-1). Sensory neurons are permissive for viral replication, yet the virus can also enter a latent state in these cells. The interplay of viral and neuronal signals that regulate the switch between the viral lytic and latent states is not understood. The latency-associated transcript (LAT) regulates the establishment of the latent state and is required for >65% of the latent infections established by HSV-1 (R. L. Thompson and N. M. Sawtell, J. Virol. 71:5432-5440, 1997). To further investigate how LAT functions, a 1.9-kb deletion that includes the entire LAT promoter and 827 bp of the 5 end of the primary LAT mRNA was introduced into strain 17syn؉. The wild-type parent, three independently derived deletion mutants, and two independently derived genomically rescued variants of the mutants were analyzed in a mouse ocular model. The number of latent sites established in trigeminal ganglion (TG) neurons was determined using a single-cell quantitative PCR assay for the viral genome on purified TG neurons. It was found that the LAT null mutants established ϳ75% fewer latent infections than the number established by the parental strain or rescued variant. The reduced establishment phenotype of LAT null mutants was due at least in part to a dramatic increase in the loss of TG neurons in animals infected with the LAT mutants. Over half of the neurons in the TG were destroyed following infection with the LAT mutants, and this was significantly more than were lost following infection with wild type. This is the first demonstration that the HSV LAT locus prevents the destruction of sensory neurons. The death of these neurons did not appear to be the result of increased apoptosis as measured by a terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling assay. Animals latently infected with the LAT null mutants reactivated less frequently in vivo and this was consistent with the reduction in the number of neurons in which latency was established. Thus, one function of the LAT gene is to protect sensory neurons and enhance the establishment of latency in the PNS.
A complex interaction between the virus and the host determines the fate of cells infected by herpes simplex virus type 1 (HSV-1). At the body surface, about 77 known viral lyticphase genes are actively transcribed during productive infection, which is invariably lethal for the cell. Latent infections are characterized by the down regulation of these lytic-phase genes in innervating sensory neurons of the trigeminal ganglia (TG), and these cells survive infection. The continued expression of the latency-associated transcript (LAT) is detectable by in situ hybridization in about 100 to 200 sensory neurons per mouse TG (for review, see references 1 and 87). The discovery of the LAT RNAs over a decade ago led to speculation that that they must play a central role in viral latency (70) , but the function(s) of the LAT gene is not yet understood. The LAT gene is not required for the reactivation of HSV-1 from latently infected mouse dorsal root ganglia cultured in vitro (32, 62) . However, other reports have suggested that LAT mutants were reactivated from fewer neurons (35) or with reduced kinetics (5, 6, 69) from cultured TG. This apparent discrepancy is due at least in part to a difference in the behavior of LAT mutants in dorsal root ganglia versus TG (59) .
When assayed in vivo, mutations within the LAT locus result in a reduced frequency of induced (29) or spontaneous (48) virus shedding in the tear film of infected rabbits (for review, see reference 87). LAT null mutants reactivate at a reduced frequency in mouse TG in vivo (59, 79) . These findings have been interpreted as strong support for a direct role of the LAT locus in virus reactivation from latency (reviewed in reference 87). However, to date no empiric evidence of a direct role of LAT in reactivation has been reported. The frequency of reactivation measured as an endpoint can be influenced by a variety of factors that affect the establishment of latency. Factors that contribute to the number of latent infections established can be relatively obvious, such as the general ability of a virus to replicate (25, 33, 63) or the inoculation titer employed (56) . Even when equivalent numbers of latent infections are established, more subtle virally regulated parameters, such as the number of viral genomes harbored within a latently infected neuron, also apparently influence reactivation frequency (58) . Thus, it may be that the LAT gene exerts an influence long before the host encounters a reactivation stimulus.
Results obtained with noncongenic LAT promoter-␤-galactosidase reporter viruses first suggested that the LATs might be required for the efficient establishment of latency (59) . These early studies were later confirmed with several different paired congenic LAT null mutants and genomically restored isolates (79) . These latter studies obviated the need for detection of a reporter molecule as a marker for latency (i.e., ␤-galactosidase or LAT RNA) through the use of a single-neuron PCR assay for the presence of the viral genome. This assay, termed contextual analysis of DNA (CXA-D), offered compelling evidence that the LAT gene functions to increase the number of latent infections established (79) . A promoter-reporter strategy was recently employed in the rabbit model to quantify latency. Unfortunately, the reactivation phenotypes of the mutants could not be determined since none of the viruses reactivated. However, a reduced number of promoter-positive neurons was observed with the LAT null mutant (51) , consistent with the earlier studies in the mouse model (59, 79) .
The LAT-dependent establishment function we identified in the mouse was mapped to a 2.3-kb fragment that encodes the stable LAT locus introns known as the LATs (79) . How this genomic region enhances the establishment of latency is not yet known. It has been reported that apoptosis is widespread in ganglia infected with LAT null mutants and that at least some of the cells undergoing apoptosis are neurons (49) . While no quantitative analysis of the loss of neurons was performed, the authors speculated that the LAT gene might prevent apoptosis in neurons. However, the antibody employed to immunohistochemically label apoptotic rabbit neurons does not work on rabbit cells (81) , and the validity of the assays employed to detect apoptosis and the results obtained in that study have therefore been questioned (81) . The LAT locus may serve to down regulate viral protein expression in neurons. We previously demonstrated that the disruption of the LAT locus resulted in more viral protein expression in neurons that express the LAT promoter during the acute stage of infection (59) . Further, stressing mice infected with LAT null mutants during the acute stage of infection suppressed that LAT-reactivation phenotype and also reduced the expression of viral protein in LAT promoter-positive neurons to wild-type levels (79) . With the caveat that it must be assumed that an equivalent number of neurons were infected by mutant and wild-type isolates, a subsequent study suggested that LAT might function at the level of mRNA expression, serving to down regulate viral mRNA production in neurons (23) . In support of this hypothesis, the overexpression of the LAT locus in transformed tissue culture cells resulted in an inhibition of virus production and immediate-early gene expression at the level of mRNA production (41) . In addition, there may be more than one function located within the LAT locus. Thomas et al. have suggested that the LAT locus encodes a protein that, when dysregulated, actually enhances the ability of the virus to replicate in certain cell lines of neuronal and nonneuronal origin (75) . Conversely. Lock and colleagues reported evidence that the open reading frame identified by Thomas et al. may not be expressed in the context of the virus (38) . Obviously, the role(s) of the LAT gene in latency and its possible mechanisms of action are not yet understood. However, taken together, these diverse findings, on the main, offer support for the hypothesis that the LAT gene is required for the efficient establishment of latency.
Our initial investigations of the LAT-dependent establishment function were performed with HSV-1 strain KOS/M (59, 79) , which reactivates less well in vivo than some other strains (25, 59, 60, 71) . We therefore sought to confirm and extend our previous results with HSV-1 strain 17synϩ, which reactivates with high efficiency in the murine hyperthermic stress (HS) model (56, (58) (59) (60) . Three independently generated LAT null mutants in strain 17synϩ and corresponding genomically restored isolates were produced and analyzed. Importantly, over 50% of the TG neurons were destroyed following infection with the mutants and this was significantly more than that lost following infection with wild-type or genomically restored isolates. These findings offer compelling support for the hypothesis that the LAT gene is important to inhibit viral replication in neurons and that this down-regulatory function of LAT serves to prevent the death of sensory neurons and increase the number of latent sites established (59) .
MATERIALS AND METHODS

Cells and viruses.
The wild-type HSV-1 strain 17synϩ was originally obtained from J. Subak-Sharpe of the Medical Research Council Virology Unit in Glasgow, Scotland, and plaque purified as described elsewhere (82, 84) . Virus stocks were generated by routine propagation in rabbit skin cell (RSC) monolayers as previously described (82, 84) .
Construction of viral mutants. All viral DNA sequences were derived from the isolate of strain 17synϩ described above. The construction of the 1,964-bp deletion that encompasses the LAT promoter and 828 bp of the 5Ј end of the primary LAT is shown schematically in Fig. 1 . In brief, a deletion spanning bp 117674 to 119638 was recombined into the HSV-1 genome as previously described in detail (77) (78) (79) 84) . The progeny of single plaques were screened for the presence of the deletion in both copies of the long terminal repeat sequences and subsequently plaque purified to homogeneity to generate the isolate named 17-AH. The mutated fragments corresponding to the BamHI fragments B and E of strain 17synϩ were cloned from the LAT null mutant 17-AH, and the region surrounding the deletion was sequenced to confirm the genomic structure. Both strands of both copies of the deleted genomic region were sequenced ( Fig. 1 and data not shown). The fragment corresponding to the HpaI fragment R (bp 117009 to 120300 with bases 117674 to 119638 deleted) was subcloned from the BamHI fragment B of 17-AH and employed to generate two additional mutant isolates, designated 17-FA91 and 17-FA94. To ensure that any changes in phenotypic properties were due to the deletion, the mutated genomes were restored to wild type by recombination with the 17synϩ HpaI fragment R (bp 117009 to 120300) to yield 17-AHRI (produced from 17-AH) and 17-FA94R (from 17-FA94) as described above. Both copies of the deleted sequences were restored ( Fig. 1 and data not shown). All restriction enzyme sites and base-pair numbering are referred to as the corresponding positions in the published HSV-1 sequence of strain 17syn ϩ (45, 53) as presented in GenBank (g1944536). Inoculation of mice. Male, outbred, Swiss Webster mice (Charles River Breeding Laboratories, Kingston, N.Y., or Harlan Laboratories) were used throughout these studies. Animals were housed in American Association for Laboratory Animal Care-approved quarters with unlimited access to food and water. Mice were anesthetized by intraperitoneal injection of sodium pentobarbital (Nembutal) at a dosage of 50 mg/kg of body weight. Both corneas were scarified and a total inoculum of 2 ϫ 10 5 PFU of 17synϩ or the mutant isolates was applied to the cornea as described previously (59, 60, 79) . Mice that displayed signs of severe central nervous system infection were euthanatized. Under these conditions, 10 to 20% of the animals were lost, and this did not vary between groups.
In vitro and in vivo acute replication kinetics. Single-and multistep replication kinetic analyses were performed on slightly subconfluent RSC monolayers following infection at a high multiplicity of infection (MOI) (10 PFU/cell) or low MOI (0.01 PFU/cell). Cells and media were harvested at 4, 8, 12, 18 , and 24 h postinfection (p.i.) (high MOI) or 4, 24, 48, and 72 h p.i. (low MOI) and subjected to three cycles of freeze and thaw. Virus titers were determined on RSC monolayers as described previously (82, 83) .
Groups of 45 mice were inoculated with each of the five viruses analyzed (225 mice total) as described above. At the indicated times p.i., the animals (four per time point) were sacrificed and the appropriate tissues were removed, snapfrozen, and stored at Ϫ80°C. These tissues were homogenized in 1 ml of minimal essential medium (MEM), clarified at 5,000 ϫ g for 5 min, and assayed for infectious virus titer on RSC monolayers (82, 83) . The remaining mice were maintained for at least 30 days p.i. and employed in latency studies as described below.
Reactivation of latent HSV-1 by explant cultivation in vitro and by HS in vivo. Mice inoculated as above were maintained for at least 30 days p.i. and TG were explanted into MEM supplemented with 10% fetal bovine serum. The explanted cultures were maintained for 5 days and the tissues with medium were harvested, homogenized, and assayed for infectious virus on RSC monolayers.
To determine the reactivation potential of the mutants in vivo, infected mice were subjected to the transient hyperthermia induction procedure as described elsewhere (60) . Briefly, mice were inoculated as detailed above and maintained for at least 30 days. Animals were then subjected to 10 min of hyperthermia at 43°C and at 22 h posttreatment TG pairs were removed from sacrificed animals, homogenized, and plated on RSC monolayers to detect infectious virus as described previously (60) . DNA was purified from positive cultures, and the genomic structure of the reactivating virus was confirmed by Southern blot restriction fragment length polymorphism analysis as above. In all cases, the reactivated virus had a genomic structure indistinguishable from that of the infecting strain or mutant (data not shown).
Analysis of mRNA expression. RSC monolayers were infected with an MOI of 10 PFU per cell. At 4 or 10 h p.i. RNA was isolated using Ultraspec RNA (Biotecx Laboratories) according to the manufacturer's directions. Ten micrograms of RNA was glyoxylated, electrophoresed, transferred to nylon membranes (GeneScreen), and probed as described below (79) .
Mice were inoculated as above and at various times p.i. the TG from three animals were removed and snap-frozen in liquid nitrogen. The tissues were homogenized in Ultraspec RNA and total RNA was obtained as recommended by the manufacturer (Biotecx Laboratories). Ten micrograms of RNA was glyoxylated, electrophoresed, transferred to nylon membranes (GeneScreen), and probed as described previously (79) . The blots were incubated for 2 h at 50°C in prehybridization mix and a 32 P-labeled probe specific either for the second exon of ICP0 (bp 122709 to 123030) or the stable LAT introns (bp 120468 to 120904) was then added and incubated at 50°C for an additional 24 h as previously described (79) . The blots were washed in 0.2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) containing 1% sodium dodecyl sulfate at 65°C and exposed to a storage phosphor screen (Molecular Dynamics). Plates were analyzed using the STORM 860 phosphorimaging system and ImageQuant software.
Quantification of HSV DNA in latently infected ganglia by PCR. A quantitative PCR (QPCR) for the viral genome was carried out on DNA isolated from latently infected ganglia essentially as originally described by Katz et al. (33) with minor modifications as described previously (55, 59, 79, 80) . It was found that the maximum reproducibility required care in the dissections in order to obtain equivalent amounts of tissue from each animal as well as precise quantification and control of the amount of total DNA in each sample. Mice were infected as above and after at least 30 days p.i. the ganglia were harvested, lysed in 10 mM Tris-10 mM EDTA-0.2% sodium dodecyl sulfate-RNase A (10 g/ml), and digested at 50°C with proteinase K (Bethesda Research Laboratories; 10 g/ml). Following purification with phenol-chloroform-isoamyl alcohol and ethanol precipitation, the DNA was quantified with a GeneQuant spectrophotometer, and 8% agarose gels, Southern blotted, and probed with a 32 P-labeled probe (bp 120300 to 120468). The presence of the deletion in both the BamHI fragment B (bp 113322 to 123461) and BamHI fragment E (bp 2905 to 11818) confirms that both copies of the LAT locus were mutated in isolates 17-AH and 17-FA94. Similarly, both copies of the LAT locus were genomically restored to wild type in isolates 17-AHRI and 17-AHR2, as evidenced by the wild-type migration of both hybridizing fragments. (Bottom, right) Fragments equivalent to the HpaI fragment R (from BamHI fragment B) and S (from BamHI fragment E) of 17synϩ were cloned from the genome of 17-AH and sequenced. Both strands of both fragments were sequenced. Shown is the region of the gel that confirms the presence of the deletion. 100 ng of total DNA was amplified using primers specific for the single-copy mouse adipsin gene as described previously (33) . One-tenth of the product was electrophoresed on a 10% acrylamide gel, transferred to GeneScreen plus membrane, and probed with a 32 P-end-labeled oligo internal to the amplification primers. The resulting blots were scanned in a Molecular Dynamics PhosphorImager for quantification using ImageQuant software and were compared to standards derived from amplification of twofold dilutions of normal mouse DNA spanning 12.5 to 400 ng and that were performed with each PCR run. Where necessary, the original samples were readjusted to contain 100 ng of DNA/5 l, as determined by the adipsin signals obtained, and amplified using primers specific for the thymidine kinase and/or adipsin to obtain the final values.
Contextual analysis of latency. The single-neuron QPCR determination of the percentage of latently infected neurons (CXA-D) was performed as previously detailed (55, 56, 58, 79, 80) . Mice were infected as above and maintained for at least 30 days p.i. Animals were anesthetized with sodium pentobarbital and perfused with Streck's tissue fixative. Fixed TG were dissociated into single-cell suspensions with collagenase, and neurons were purified on Percoll (Pharmacia) gradients. Neurons were stained with Ponceau-S and aliquoted into 200-l PCR tubes. The tube contents were visualized microscopically and only tubes containing a single neuron were employed. Following treatment with immobilized DNase (Mobitec), intracellular DNA was liberated with proteinase K and analyzed for the presence of the HSV-1 genome by CXA-D (55) using a QPCR assay (33) . Products were electrophoresed, probed with an internal 32 P-labeled oligonucleotide, and quantified on a STORM 860 Phosphorimager (Molecular Dynamics) using ImageQuant software.
Contextual analysis of neuronal survival. CXA provided a new method to quantify neuronal death following infection. The procedure was adapted to determine the number of neurons present in TG as described previously (56) . Additional mice infected with 17-AH or 17-AHRI and maintained for at least 30 days p.i. served as a source of tissues. Individual dissociated right and left ganglia from each of four animals per group were resuspended in a 500-l volume and two sets of triplicate 1-l aliquots of each was affixed to glass slides. The number of neurons in each sample was counted and the total number in the ganglia was calculated. Neurons were identified on the basis of size, morphology, and in some instances positive immunohistochemical reaction with antineurofilament antibodies (56) .
TUNEL and immunohistochemical staining. RSCs were grown on glass slides to confluence, infected at an MOI of 0.0001 with 17-AH or 17-AHRI, and overlaid with culture medium supplemented with 0.3% human immunoglobulin G (Gammastan). The resulting plaques were allowed to grow for 3.5 days p.i., and the slides were processed as described below. Mice were infected as described above. On days 4 and 7 p.i. with 17synϩ, 17-AHRI, or 17-AH, four mice per group were perfusion fixed with 4% paraformaldehyde and TG were removed, postfixed, dehydrated, and embedded in paraffin. Eight-micrometer sections were cut on a rotary microtome and placed on glass slides. The DeadEnd colorimetric apoptosis detection system (Promega) was utilized according to the manufacturer's instructions. Positive terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) staining was indicated by a brown precipitate. In a second experiment, mice were inoculated as above with 2 ϫ 10 5 PFU of 17synϩ, 17-AHRI, 17-AH, 17-FA94, or 17-FA94R, groups of four mice were processed as above at days 6, 10, or 15 p.i., and 8-m sections were analyzed for TUNEL-positive cells. To facilitate interpretation of the results, the following additional slides were analyzed: (i) RSCs acutely infected with HSV, (ii) RSCs pretreated with DNase, or (iii) TG from uninfected mice induced to undergo apoptosis by explantation into culture medium containing 0.15 M staurosporine (Sigma). In order to link any apoptotic neurons that were observed with HSV infection, slides from the day 4 and 7 samples were subsequently stained immunohistochemically for HSV lytic proteins using rabbit anti-HSV-1 (Accurate). Selected slides from these and other time points were stained immunohistochemically to identify neurons or T cells with antibodies specific for neurofilament (Sigma) or CD3-ε (M-20; Santa Cruz Biotechnology). The primary antibody was followed by an appropriate biotinylated secondary antibody and either an avidin-alkaline phosphatase conjugate or an avidin-horseradish peroxidase conjugate (Vector) as previously detailed (59, 60) . Fast Red (Sigma) and naphthol-AS-MX-phosphate (Sigma) were used to visualize sites of complex deposition (a red precipitate) with alkaline phosphatase, whereas diaminobenzidine was employed with the peroxidase conjugate (brown precipitate).
RESULTS
Virus construction and replication properties.
A schematic representation of the mutants employed in this study is shown in Fig. 1 . HSV-1 strain 17synϩ is wild type, and 17-AH, 17-FA91, and 17-FA94 are independently derived isolates that carry the 1.964-kb deletion in both copies of the LAT gene. This deletion eliminates the entire LAT promoter, including the upstream enhancer regions (39) and the long-term expression sequences (15) , which also demonstrate some promoter activity (9) . In addition, 828 bp of the 5Ј end of the primary LAT, including the splice donor for the stable LAT introns (21), was removed. This deletion does not disrupt the ICP0 mRNA. As described above in Materials and Methods, the mutated portion of 17-AH was cloned from the virus and sequenced to confirm the nature of the deletion ( Fig. 1 and data not shown). Two independently derived rescued isolates of the mutants were generated and designated 17-AHRI (derived from 17-AH) and 17-FA94R (derived from 17-FA94). The genomic structures of these isolates were confirmed by restriction fragment length polymorphism analysis employing at least five different restriction endonucleases and a variety of probes from the LAT region as well as probes from other genomic regions ( Fig. 1 and data not shown). As seen in the middle panel of Fig. 1 , the faster migration of both the BamHI B and E fragments of 17-AH and 17-FA94 demonstrated that both copies of the LAT gene were disrupted. Likewise, both copies of the LAT gene have been genomically restored to a wild-type migration pattern in the isolates 17-AHRI and 17-FA94R.
Viral gene transcription in the region of the deletion. We next analyzed the transcription of the viral genome near the region that was deleted in the LAT null mutants. The 1.9-kb deletion in the LAT null mutants should not adversely affect the expression of any known HSV-1 genes other than LAT. Several transcripts thought to be the result of readthrough of genes located in the unique long portion of the genome have been localized to the region deleted (64) . An additional 0.7-kb transcript that is contained entirely within the region deleted was recently reported (88) . The significance of this transcript is unclear since it was found in only two of four laboratory strains examined and was not produced by any of eight clinical isolates tested. The only known gene that maps near the deleted region is ICP0 (Fig. 1) . The deletion is over 1 kb 3Ј of the polyadenylation signal for ICP0 and is therefore not likely to affect its expression. To ensure that this was the case, total RNA was extracted from infected RSCs at 4 or 10 h p.i. and employed in Northern blot analysis as described above. Representative blots are shown in Fig. 2 . ICP0 mRNA was readily detected in RSC monolayers at 4 h p.i. regardless of infecting virus strain. Shown are the results obtained with 17synϩ, 17-AH, and 17-AHRI (Fig. 2, bottom left) . Similar results were obtained with 17-FA91, 17-FA94, and 17-FA94R (data not shown). Thus, as predicted by the genomic structure, the engineered deletion did not grossly affect the expression of ICP0 in the mutants.
The engineered deletion was predicted to completely eliminate the 2.0-and 1.5-kb stable LAT RNAs. As shown in Fig.  2 , expression of the 2.0-kb form of the stable LAT introns was only detected in RSCs infected with either 17synϩ or 17-AHRI. The 2-kb transcript was not detected in 17-AH-infected cells even when a threefold greater amount of RNA was loaded and the blots were deliberately overexposed (Fig. 2,  bottom center) . Similar experiments showed that neither 17-FA91 nor 17-FA94 expressed detectable levels of the 2-kb VOL. 75, 2001 HSV-1 LAT PROMOTES NEURONAL SURVIVAL 6663 on July 9, 2017 by guest http://jvi.asm.org/ intron (data not shown). Likewise, the LAT null mutants did not express detectable levels of either the 2.0-or 1.5-kb LAT introns in mouse TG during the latent phase of infection (Fig.  2, bottom right) . Both the 1.5-and 2.0-kb forms of the LAT RNA were readily detected in mouse TG latently infected with either 17synϩ or 17-AHRI. Similarly, mutants 17-FA91 and 17-FA94 did not produce any detectable LAT transcripts, whereas the rescued isolate 17-FA94R produced both the 2.0-and 1.5-kb RNAs in latently infected mouse TG (data not shown).
Viral replication in vitro and in vivo.
Replication-deficient or -incompetent viral mutants can establish at least some latent infections (10, 11, 16, 18-20, 22, 31, 33, 36, 47, 52, 68) . However, viral replication at the body surface and, importantly, replication efficiency within the sensory ganglia are critical parameters affecting the number of neurons in which latent infections are established and the number of viral genome copies contained within them (80) . Therefore, replication kinetic experiments were performed to ensure that all viruses employed in this study replicated equivalently to the parental strain, 17synϩ.
Initial experiments were performed in RSCs under both high and low MOI (5 and 0.01 PFU/cell, respectively). These experiments were repeated at least three times for each virus isolate. The results of some of the experiments are shown graphically in Fig. 3 (top) . There was no detectable difference in the ability of the deletion mutants and genomically wild-type isolates to replicate in RSCs under conditions of either low or high MOI. Thus, no generalized replication defect was detected in any of the virus isolates under study.
To examine viral replicative capacity in vivo, groups of 45 mice were infected via both scarified corneas with each of the viruses (225 mice total). At the indicated times p.i., four animals per group were individually examined for virus titer in eyes and TG as described in Materials and Methods. As shown in Fig. 3 (bottom) , no differences in the ability of the mutants or wild-type strains were detected in vivo in the eye or TG. Statistical comparisons of mean peak titers and areas under the curves demonstrated that there were no significant differences in replication efficiencies between any of the mutant or genomically wild-type isolates. This experiment was repeated at least twice for each mutant or genomically rescued isolate, with similar results. There were no significant differences between the groups or between results obtained in the replicate experiments, compared to the data shown in Fig. 3 , demonstrating that the inoculation procedures were consistent within and between experiments (data not shown). Therefore, any latency phenotypes exhibited by the engineered strains could not be attributed to differences in general replication or to their ability to replicate at the body surface, invade the nervous system, and replicate within the TG during the acute stage of infection.
In vitro reactivation frequency. One commonly employed assay to quantify reactivation is explant cultivation of latently infected ganglia. It has been suggested that the frequency at which virus is isolated from explant cultures, or the amount of time it takes for the cultures to become positive (5, 35, 43, 60, 67, 85) , reflects the ability of virus isolates to reactivate. We employed this assay to investigate the capacity of isolates to reactivate by this measure and to perform a direct comparison to the results obtained by reactivation in vivo, described in the next section. Additional animals from the replication kinetic experiments described above were maintained for at least 30 days p.i. The ganglia from individual mice (five animals per virus tested) were removed and placed into culture as previously described (58, 80) . Five days postexplant, the entire contents of each organ culture were homogenized and assayed for infectious virus on RSC monolayers as previously described. Regardless of the infecting strain, all cultures tested were positive at 5 days postexplant. Thus, by this criterion the LAT null mutants did not display a reduced reactivation phenotype.
In vivo reactivation phenotype. The HS induction model was employed to examine the ability of the mutants to reactivate in vivo. Additional animals were subjected to the HS reactivation protocol. This procedure, which consists of raising the core body temperature of the mouse to 43°C over a period of 10 min, results in the induced in vivo reactivation of HSV-1 in a significant percentage of mice within 14 to 24 h post-HS (60). As expected, about 75 to 80% of the animals infected with either the wild-type parent 17synϩ or the genomically restored isolate 17-AHRI reactivated (8 of 10 and 9 of 12 mice positive per number tested, respectively). The ability of 17-AH to reactivate following HS in vivo was reduced to 40% (12 of 30 mice positive per number tested). Likewise, the frequencies of reactivation of two additional isolates with identical deletions at the LAT locus were also reduced compared to that of the genomically restored isolate (17-FA91, 8 of 21, 38%; and 17-FA94, 6 of 17, 35%), whereas 17-FA94R was similar to wild type (11 of 17, 65%). Viruses in which the LAT gene was intact reactivated in a significantly higher percentage of the animals than did those containing the deletion (P ϭ 0.014; Student's t-test). Clearly, when assayed in vivo the LAT null mutants had a reduced reactivation phenotype.
Analysis of the amount of HSV DNA present in latently infected TG. The reduced reactivation phenotype observed with the mutants was not the result of reduced efficiency of replication at the body surface or a reduced ability to enter into or replicate in the peripheral nervous system. Therefore, either the ability to reactivate had been impaired directly, or the mutants were less efficient at establishing latency. The QPCR method of Katz et al. (33) was employed to determine the number of latent viral genomes present in whole ganglia as a measure of the ability of the viruses to establish latency (Fig.  4) . TG were removed from additional mice from the groups Replication kinetics curves generated in vivo. Groups of 20 mice (100 mice total) were inoculated on both scarified corneas with 2 ϫ 10 5 PFU of each of the viruses tested as described in the text. At the indicated days postinfection, tissues were harvested from four animals from each group, homogenized in 1 ml of MEM, and assayed for virus content. Each point represents the geometric mean Ϯ the standard error.
VOL. 75, 2001 HSV-1 LAT PROMOTES NEURONAL SURVIVAL 6665 on July 9, 2017 by guest http://jvi.asm.org/ infected for the reactivation studies above. Total DNA was isolated from each pair of TG and subjected to QPCR for the viral thymidine kinase gene as well as for the mouse adipsin gene as previously described (33) . The amount of viral DNA present in each pair of latently infected TG was variable, which is consistent with previous reports employing similar methods (8, 33, 34, 58, 59, 79) . A comparison of the mean genome copy number per animal and a one-way analysis of variance revealed a statistically significant difference between the genomically wild-type strains 17synϩ, 17-AHRI, and 17-FA94R (mean, 6.1 ϫ 10 5 , 6.2 ϫ 10 5 , and 1.1 ϫ 10 6 , respectively) and the deletion mutant isolates 17-AH, 17-FA91, and 17-FA94 (mean, 2.8 ϫ 10 5 , 2.6 ϫ 10 5 , and 2.2 ϫ 10 5 , respectively; analysis of variance, P ϭ 0.027). The total amount of HSV-1 DNA present in the ganglia of the mutants was reduced to about one-third of that found in the genomically wild-type strains. Some previous studies have failed to show a statistically significant difference between LAT null and wild-type isolates in terms of the amount of DNA present in mouse TG measured by similar methods (6, 8, 14, 28, 48) . It should be noted that in some prior studies a two-or threefold difference between groups was seen (as is reported here) but was not considered significant (14) . It is possible that technical differences, such as variability in the inoculation procedures, may have broadened the range of values obtained, masking the effect of LAT. In this report, group sizes of 14 (28 ganglia) were required to show a statistically significant difference. With this group size and under the infection conditions described in Materials and Methods, all pairwise comparisons between genomically wild-type and mutant isolates demonstrated statistically significant differences at the 95% confidence interval with the exception of 17-FA91 versus 17-AHRI, which was significant at the 94.5% confidence interval (P ϭ 0.055).
Percentage of neurons in which latency is established correlates with ability to reactivate. The 17synϩ LAT mutants were deficient for the establishment of latency as measured by the amount of viral DNA present in latently infected ganglia. The reduced amount of latent DNA present in mouse TG latently infected with the mutants might have been due to the establishment of fewer latent infections or the establishment of latent infections that contained fewer HSV genomes per latently infected neuron, or both. CXA was employed to quantify the percentage of neurons that harbored the viral genome in latently infected trigeminal ganglionic neurons to distinguish between these two possibilities. Groups of mice were inoculated on scarified corneas with a total of 2 ϫ 10 5 PFU of either 17-AH, 17-AHRI, or 17synϩ. At Ͼ30 days p.i., three mice from each group were perfusion fixed, the ganglia were dissociated, and enriched neuronal cell populations were harvested and utilized to determine the percentage of neurons which were latently infected, as previously described in detail (55-58, 79, 80) . Of the 138 single neuron samples analyzed from the 17-AH-infected mice, 17 (12%) contained HSV DNA. In the 17-AHRI-infected group, 31% of the neurons were positive (33 out of 106 single neurons tested) and 28% (21 of 75) were positive with 17synϩ, representing a ϳ2.5-fold difference (P ϭ 0.0028). These results recapitulate those observed with KOSbased LAT mutants as we previously reported (79), and they demonstrate that the establishment function provided by LAT is not unique to strain KOS. As detailed above, the ability of 17-AH to reactivate following HS in vivo was reduced to a frequency of 40% of the latently infected animals, compared to an ϳ75 to 80% reactivation frequency in mice infected with the wild-type strains. A central question is whether the reduction in the number of latent sites established by this mutant can fully account for the reduced reactivation frequency seen in vivo. In a previous study, mice were infected with strain 17synϩ with the titer that resulted in latent infections established in 11.5% of the TG neurons. In these animals, 30% (6 of 20) of mice reactivated following HS (56) . Thus, the reactivation frequency seen in the mice latently infected with 17-AH was consistent with the reduced number of latent infections detected in these animals.
HSV-1 LAT gene functions to promote neuronal survival. The mechanism whereby the LAT gene mediates an increase in the number of latent sites established is not yet known. Our working hypothesis is that this gene functions to down regulate viral gene expression in neurons (59, 79, 80) . If this were the case, one would predict that more neurons would survive infection with wild-type strains than would survive following infection with the LAT null mutants. CXA provided a new method to determine if this were the case. The CXA procedure was modified, as described above and elsewhere (56) , to enable an accurate determination of the number of neurons present in individual TG to be determined. The results are summarized in Fig. 5 . As shown, in uninfected mice the number of neurons in a TG ranged from 22,500 to 25,583 with a mean (Ϯ standard deviation) of 24,117 Ϯ 1,542 neurons (56) . This method was used to determine the number of neurons in the ganglia following acute infection with 17-AH compared to 17-AHRI. Individual dissociated right and left ganglia from each of four animals per group were resuspended in a 500-l volume and two sets of triplicate 1-l aliquots of each were affixed to glass FIG. 4 . Box diagram of the total number of latent HSV-1 genomes present within each pair of mouse TG. Additional mice from the experiment shown in Fig. 3 were maintained for at least 30 days p.i. Total DNA was isolated from the TG and processed for QPCR detection of the viral genome as described previously (34 slides. The number of neurons in each sample was counted and the total number in the ganglia was calculated. At 30 days p.i., far fewer neurons were present in the TG of mice infected with 17-AH. Indeed, more than half of the TG neurons were lost following infection with 17-AH (Fig. 5) . In contrast, the genomically rescued isolate 17-AHRI resulted in the death of far fewer neurons per TG. This difference in the loss of neurons was statistically significant (P Ͻ 0.001; t test).
The increase in neuronal loss that occurred in the TG infected with the LAT null mutant also impacts the interpretation of the CXA-D analysis for latently infected neurons. The single-neuron PCR assay employed determined the percentage of neurons that harbor one or more latent viral genomes. Because far fewer neurons survived in mice infected with the LAT null mutant, there were actually considerably fewer latently infected neurons present in these animals than indicated by the percent that were positive for the viral genome. Normalization of the values with the number of surviving neurons revealed a Ͼ400% increase in the number of latent sites present in mice infected with the LAT ϩ viruses (Fig. 5) . This increase in the number of neurons harboring the latent genome in the TG of mice infected with wild-type virus correlated with the increased amount of viral DNA detected in these ganglia by QPCR (Fig. 4) .
Increase in neuronal dropout mediated by LAT null mutants does not appear to be due to an increase in TUNELpositive neurons. It has been reported that expression of the bovine herpesvirus 1 LAT (61) or portions of the HSV-1 LAT gene (30, 49) inhibit chemically induced apoptosis in certain cell lines. One report concluded that infection of rabbits with a LAT null mutant resulted in widespread apoptosis in TG, and at least some of this was thought to be in neurons (49) . An increase in the apoptosis of neurons in animals infected with the LAT null mutants employed in this study would explain the observed increased loss of neurons described above. Therefore, the potential role of the LAT gene in ameliorating apoptosis was examined. If, as suggested by Perng et al., the LAT gene prevents widespread apoptosis during the peak of viral replication in the TG (49), we would expect to see this effect in mouse TG on or about day 4 p.i. In this case, one would predict 20 to 50% of the neurons examined would show signs of apoptosis at some time during days 4 to 7 p.i. In this case, power statistics predict that examining 50 neurons per group would reveal a statistically significant difference in the groups at the 95% confidence level. Alternatively, LAT might exert some long-term effect on neuronal survival (49) . Since about 50% of the neurons in TG infected with LAT null mutants were lost during the first 30 days p.i. (versus ϳ20% for wild type), one would anticipate about 1.6% of these neurons would be lost per day if the effect of LAT was mediated equally throughout the 30-day period. This simplistic model predicts that 1 out of ϳ66 neurons examined should be undergoing apoptosis on any given day. In this case, examining ϳ1,200 neurons from each group of infected TG would reveal a statistically significant increase in apoptosis of neurons infected with LAT null mutants.
Mice were infected on scarified corneas with 2 ϫ 10 5 PFU of either 17synϩ, 17-AH, or 17-AHRI. On days 4, 6, 7, 10, and 15 p.i., the TG from four mice per group were sectioned and examined for the presence of TUNEL-positive neurons. To facilitate the interpretation of the results, the following additional slides were analyzed: (i) RSCs acutely infected with HSV; (ii) RSCs pretreated with DNase; and (iii) mouse TG incubated in the presence of staurosporine to induce apoptosis. In order to link any apoptotic neurons that may be observed with HSV infection, slides from the day 4 and 7 p.i. samples were subsequently stained for HSV lytic proteins. The findings are summarized in Table 1 .
At least 1,600 neurons were examined for signs of possible apoptosis (positive TUNEL) from each time point for each virus. The criteria employed for distinguishing neurons from other cell types in the ganglia are discussed and illustrated further below. Of the 33,265 neurons examined in all of the samples, only 20 were positive by the TUNEL assay. This is consistent with a recent report that found that cells undergoing apoptosis in ganglia infected with wild-type strain 17synϩ were restricted primarily to nonneuronal cells (86) . This low frequency of potential apoptosis of neurons (0.06%) was not significantly different among any of the groups. Further, this frequency of TUNEL-positive neurons was much too low to account for the loss of neurons that was observed in either the wild-type-or the LAT null mutant-infected TG. 
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Viral replication per se does not result in a positive TUNEL signal. RSCs grown on slides were infected at a low MOI with 17synϩ or 17-AH and plaques were allowed to develop for 3.5 days in the presence of anti-HSV antibody to prevent spread through the medium. The slides were processed for the TUNEL assay and subsequently immunohistochemically stained for HSV proteins. The vast majority (Ͼ99%) of acutely infected RSCs were negative for TUNEL, demonstrating that the mere presence of replicating viral DNA did not register as a positive result under the conditions employed (Fig. 6A and  B) . A plaque of 17synϩ on RSCs is shown at the same magnification, stained for TUNEL (Fig. 6A) , and subsequently stained immunohistochemically for HSV proteins (Fig. 6B) Apoptosis induced by staurosporine in cultured TG is readily detected by TUNEL. As an additional positive control, mouse TG were removed and incubated with staurosporine to induce apoptosis. This treatment resulted in widespread apoptosis in many cell types in the TG, including most neurons. In Fig. 6E , a section with many TUNEL-positive cells was lightly counterstained to show the cell bodies and nuclei. The counterstain masked some of the positive TUNEL signal. A similar section prior to counterstaining is shown in panel F and many neuronal nuclei positive for TUNEL staining are evident. A photomicrograph at high magnification revealed nuclear changes characteristic of apoptosis in a TUNEL-positive neuron (Fig. 6G) . Clearly, positive TUNEL signal was readily detectable in neurons in which apoptosis was induced with staurosporine.
Viral protein expression in neurons does not correlate with positive TUNEL signal. At the peak of acute infection in TG, immunohistochemical analysis revealed that many neurons were positive for HSV proteins. However, these HSV proteinpositive neurons were not TUNEL positive, regardless of whether infected with LAT ϩ or LAT null mutants (Fig. 6H to  I ). Evidence for possible apoptosis (a positive TUNEL signal) was apparent in a population of small round cells, which were apparently infiltrating inflammatory cells. The frequency and distribution of these cells did not appear different between the groups. Of the thousands of neurons examined in the day 4 p.i. samples, only one was positive by TUNEL and this was found in the 17-AHRI (LAT ϩ )-infected group (Fig. 6I) . TUNEL-positive neurons were exceedingly rare regardless of the infecting viral genotype. By day 6 p.i., immunohistochemical staining demonstrated that very few cells within the ganglia were positive for HSV proteins. As shown in Fig. 7 , small, round TUNEL-positive cells were still readily detected along with very rare TUNEL-positive neurons. Figure 7A through F shows photomicrographs of TG sections from 17-AH-infected mice on day 6 p.i. Panel A shows a low-magnification field of a section of a TG infected with 17-AH on day 6 p.i. Many TUNEL-positive cells can be seen. This same section was subsequently counterstained to reveal the ganglion cellular architecture. Numerous neurons were present on the section (Fig. 7B) . The positive TUNEL signal was in small round cells that appeared to be infiltrating immune cells (Fig.  7C and D) . The only identified TUNEL-positive neuron from the day 10 p.i. 17-AH ganglia is shown in Fig. 7E . For comparative purposes, the neurons labeled "N" in panel B are shown in panel F at the same magnification. This set of data is representative of the thousands of neuronal profiles examined for each virus and time point tested, and it demonstrates that it is possible to distinguish TUNEL-positive neurons from other TUNEL-positive cell types based on their size and morphology.
To confirm the identity of the neurons and to analyze the nature of the presumed immune cell infiltrates, additional sections were stained immunohistochemically for neurofilament (specific for neurons) and CD3-ε (a general marker for T cells). Shown in Again TUNEL-positive neurons were very rare, and none were present in this field.
Small round TUNEL-positive cells were still readily detectable in ganglia at days 10 and 15 p.i. There were no differences apparent between ganglia infected with the LAT null mutants or those infected with genomically restored isolates. As was true for earlier time points, very rare TUNEL-positive neurons were detectable in these ganglia (Table 1 ). An example of TUNEL-positive cells in a ganglion infected with 17synϩ at 10 days p.i. is shown in Fig. 7K through M. Numerous small round TUNEL-positive cells were seen (Fig. 7K ). This same section was subsequently counterstained, which reveals many neurons on the section (panel L) as well as an infiltrate of small cells (small darkly staining nuclei). The TUNEL-positive cells were seen localized within the cellular infiltrate, while the neuron present in this field was devoid of TUNEL signal.
DISCUSSION
Acceptance that LAT functions to increase the establishment of latency has been less than universal. Indeed, it is most commonly stated that LAT plays no role in establishment but is important for efficient reactivation, as is reviewed in reference 87. This misperception results primarily from the fact that most studies examining LAT null mutants have either failed to assess the establishment of latency or used insufficiently quantitative measures to do so. In addition, the results obtained with viral mutants have been inconsistent. Much of the controversy about the role of LAT in the pathobiology of HSV and discrepancies about where the function maps on the viral genome may actually be the result of unmeasured differences in (Table 1) . For comparative purposes, panel E shows a positive the replication efficiency of the viral mutants employed in published studies. Efficient viral replication at the body surface as well as within TG is required for the efficient establishment of latent infections (80) . As an example, it has been reported that a 348-bp region that maps downstream of the start site of the primary LAT that is deleted in mutant 17⌬348 is required for efficient epinephrine-induced ocular virus shedding in the rabbit model (6) . However, it was recently reported that mutant 17⌬348 has a significant replication defect that is evident even in cultured cells (D. Garber and D. M. Knipe, 24 th International Herpes Virus Workshop, abstr. 1.012, 1999). A consensus has formed that mutation of the LAT locus does not adversely affect viral replication (87) , and therefore the replication defect must be due to an unsuspected secondary mutation. Such a secondary mutation would have a serious negative impact on the induced reactivation frequency seen in rabbits.
A similar 371-bp deletion (which includes 230 of those base pairs deleted in 17⌬348) in the strain McKrae background (mutant DLAT371) did not effect spontaneous or induced ocular shedding (50) . Conversely, a mutant containing an identical 371-bp deletion in 17synϩ (17⌬Sty) was deficient in both of these properties in the rabbit (40) . The authors concluded that differences in the genetic background must account for the differences displayed by the 371-bp deletions in strains McKrae and 17synϩ in the rabbit (40) . While this may be true, replication kinetics in eyes and TG were not performed, and therefore the results cannot be unambiguously interpreted. This same genomic region is not required for either the efficient establishment of latency (79) or efficient reactivation (42, 79) in the mouse. Taken together with the negative results reported for DLAT371 (50) , it seems unlikely that a functional element resides within this region.
The purpose of the present study was to confirm and extend our earlier work in which LAT mutants constructed in the HSV-1 strain KOS were utilized (59, 60, 79) . Viral replication efficiency might be a contributing factor for the latency phenotypes of strain KOS-based LAT mutants. KOS is less neuroinvasive than most other HSV-1 strains (76) . Further, strain KOS establishes latent infections that contain fewer viral genome copies than either strain 17synϩ or McKrae (58) and also reactivates in vivo less efficiently in the rabbit (25, 72) and in the mouse following UV light (71) or HS induction (58) (59) (60) 79) . It was therefore important to demonstrate that the reduced establishment of the latency phenotype of KOS-based LAT null mutants was not unique to this strain but was also evident in the genetic background of a more virulent HSV-1 strain, such as 17synϩ.
Engineered LAT mutation prevented expression of the LAT locus but did not impair replication in TG. Expression of the stable LAT 2.0-and 1.5-kb transcripts, as detected by Northern blot analysis, was completely eliminated both in infected cultured cells and in latently infected mouse TG by the deletion engineered into mutants 17-AH, 17-FA91, and 17-FA94, as was predicted (Fig. 2) . Of critical importance, the deletion did not adversely affect the ability of the virus to replicate either at the body surface or in the TG (Fig. 3) . It is somewhat counterintuitive that the LAT mutants caused the loss of more neurons but did not appear to replicate with an increased efficiency in TG. When viewed in the context of the overall infection process, this would be expected. We (59) and others (44) reported in 1992 that three broad classes of infected neurons could be identified during the acute stage of infection. These are neurons expressing lytic-phase proteins (the great majority of infected neurons), neurons expressing only the LAT promoter (a minor class that presumably had entered latency), and neurons expressing both lytic proteins and the LAT promoter (also a minor subset). This latter subset is presumably where LAT exerted its influence (59, 79) . About 20% of the LAT promoter-positive neurons expressed viral proteins when the LAT locus was intact. However, 70% of the LAT promoter-positive neurons in TG infected with a LAT null mutant expressed viral lytic-phase proteins (59, 79) . These and other findings lead us to hypothesize that LAT is important for the down regulation of viral protein production in neurons and functions to enhance the establishment of latency (59, 79) . This effect of LAT would be masked by the permissive replication that occurs in most neurons infected by HSV.
The 1,964-bp region deleted in the LAT null mutants characterized in this study includes several regions that have been implicated in regulating herpetic latency. These include regions upstream of the basal LAT promoter, the basal promoter itself, and deletions in the 5Ј end of the primary LAT (5-7, 27-29, 35, 40, 42, 48, 59, 79) . It has been reported that a 2.6-kb fragment that includes the LAT promoter and upstream sequences as well as 811 bp of the primary LAT can partially restore a wild-type spontaneous ocular shedding frequency to that of a LAT null mutant (17) . The promoter and first 828 bp of the primary LAT are deleted in the mutants employed in this study. It remains to be determined whether it is the deleted sequences or the lack of expression of the sequences downstream of the deletion that is important for the efficient establishment of latency.
HSV LAT gene preserves sensory neurons and enhances the establishment of latency. A single-neuron PCR assay (CXA-D [55] ) was employed to quantify the number of viral genomecontaining neurons in mouse ganglia latently infected with LAT null or wild-type isolates of strain 17synϩ. In our initial experiments, it was noted that the number of neurons isolated from mouse TG latently infected with the LAT null mutant 17-AH was consistently lower than that recovered from ganglia infected with wild-type or genomically restored isolates. This observation led to the most significant finding in this report: namely, that ganglia latently infected with the LAT null mutants contain 32% fewer neurons than those infected with LAT ϩ strains. This is the first reported empiric evidence that an intact LAT locus is associated with increased neuronal survival.
As was observed with strain KOS-based mutants previously (79), LAT was also found to play a critical role in the establishment of latency, increasing the number of latent sites by fourfold. A direct correlation between the number of latent sites established and the frequency with which mice reactivate following HS was previously reported for strain 17synϩ (56) . Based on this earlier study, one would predict a corresponding decrease in the frequency of reactivation with the LAT null mutants. As predicted, following HS the reactivation frequency of the LAT null mutants was 35 to 40%, versus 70 to 80% for the genomically rescued variants. Importantly, the reactivation frequency observed with the mutants was consistent with what was predicted for strain 17synϩ in animals with similar numbers of latent sites per ganglion (58) . This strongly suggests that the primary phenotype of LAT null mutants is an impaired establishment of latency and that the reduced reactivation observed by many investigators reflects this function of LAT rather than a direct role in reactivation.
Increased neuronal loss in LAT null mutant-infected TG was not due to an increase in apoptosis of neurons as assessed by TUNEL. It is not yet known how the LAT gene functions to promote the establishment of latency, but the preservation of infected neurons is one likely possibility. Infection of mice via the footpad with wild-type HSV-1 (73) or HSV-2 (26) results in the death of a significant number of sensory neurons in dorsal root ganglia L4 and L5. The destruction of neurons by HSV may be dependent on the virus or mouse strain, inoculation titer, or inoculation route. Significant death of neurons was not detected in the dorsal root ganglia of mice infected via the flank model (65, 66) . Under the conditions employed in this study, infection with strain 17synϩ resulted in the loss of ϳ22% of the neurons in the TG. We report here that far more sensory ganglion neurons were killed following infection with LAT null mutants (52%) than were killed by LAT ϩ strains. We hypothesize that the increased survival of neurons mediated by the LAT locus is responsible for the increase in the number of latent sites established by LAT ϩ viruses. The process whereby the LAT gene inhibits the death of sensory neurons is also not known. It has been hypothesized that LAT functions to inhibit the apoptosis of neurons (49) . However, the validity of the assays employed to detect apoptosis and the results obtained in that study have been questioned (81) . We found no evidence that LAT null mutants induced more extensive apoptosis in neurons in mouse TG. Indeed, apoptosis, as defined by positive TUNEL (Fig. 6 and 7 ) and positive immunohistochemical staining with an antibody directed against the cleaved form of caspase 3 (unpublished data), was found to be restricted mainly to small cells resembling infiltrating immune cells. Apoptosis of infiltrating immune cells is found during the resolution of infection and thought to be an immune regulatory process (4, 24, 37) . The frequency and distribution of these small round TUNEL-positive cells did not appear to be different among the groups infected with wild-type or mutant viruses in this study. Very rare TUNEL-positive neurons were found in TG infected with both LAT ϩ and LAT null viruses on days 4 through 15 p.i., but the frequency of positive cells did not vary between the groups. In addition, the very low frequency of positive neurons detected could not account for loss of neurons following infection with either wild-type or mutant strains. The systematic approach employed to detect TUNEL-positive cells would have revealed a significant difference between the groups if either the bulk of neuronal dropout occurred during the peak of viral replication in the ganglia (days 4 to 7 p.i.), or if the loss was random throughout the first 15 days p.i. We therefore conclude that the disruption of LAT did not result in a significant increase in the apoptosis of neurons as measured by the TUNEL assay.
We hypothesize that one function of LAT is to help protect neurons from high-MOI infection. Figure 8 summarizes our working hypothesis of how the LAT locus functions directly to promote the establishment of latency and thereby indirectly to increase the probability of reactivation. This model is based on several recent observations. Latently infected neurons vary in the amount of viral genetic information they contain. The majority contain fewer than 10 HSV-1 genomes, but a significant portion contain hundreds, and rare latent sites contain more than 1,000 (55, 56, 58, 79, 80) . The biological significance of high-genome-copy latent sites is not yet known, but the viral genome copy number might influence reactivation (54) (55) (56) . We have shown that the average latent genome copy number is virus-strain specific, and that viral strains that produce latent sites with a high average copy number reactivate more frequently than strains that do not (58) . Further, viral DNA replication in ganglia is not required to establish high-genomecopy latent infections, but efficient replication at the body surface is required (80) . This latter finding suggests that numerous copies of the viral genome found in some latently infected neurons result from the transport of multiple virions from the surface into a single neuron cell body.
We hypothesize that the LAT gene is a negative factor that inhibits viral replication when hundreds or even thousands of virions enter a neuron. That is, we hypothesize that the expression of LAT in neurons prevents progression to lytic infection when they are subsequently superinfected as the acute stage of infection proceeds. The regulation of the LAT gene is not completely delineated, but the promoter contains neuron-specific expression elements (2, 3, 9, 46, 89) and its strongest expression in terms of both intensity and number of neurons is during the peak days of acute virus replication in TG (44, 59) . These findings suggest that neurons that initially enter the latent pathway (e.g., that are infected with one or a few virions) begin to express the LAT-dependent establishment function. The arborization of sensory neurons (12, 13, 74) suggests that virus spread at the body surface could lead to the entry of virions into a given neuron that is protracted over many days (80) . As the virus spreads across the body surface, it may encounter additional axonal branches which innervate cell bodies that have already been infected (Fig. 8B) . The expression of LAT in these previously infected neurons is hypothesized to further decrease their permissivity and repress viral gene expression despite the higher MOI. Latency would therefore be maintained, and high-viral-genome-copy-number latent sites would be established (Fig. 8A and C) . In the absence of functional LAT, this hypothesis predicts that a high MOI would frequently result in entry into the lytic transcriptional program and ultimately the death of the neuron. This in turn would reduce the number of latent infections established (as well as their average latent virus genome copy number) and indirectly result in a reduced probability of subsequent virus reactivation.
